Obesity and sleep disturbances comprise major health problems which are likely interrelated. Diet-induced obesity in young mice has been demonstrated to lead towards an altered sleep homeostasis. In the current study, we investigated the effect of chronic (12 weeks) high-caloric diet (HCD, 45% fat) consumption on sleep and the sleep electroencephalogram (EEG) in young and older mice (6-month-old, n = 9; 18-month-old, n = 8 and 24-month-old, n = 4) and compared with age-matched controls on normal chow (n = 11, n = 9 and n = 9 respectively). Half of the 24-month-old mice did not cope well with HCD, therefore this group has a lower n and limited statistical power. We recorded EEG and the electromyogram for continuous 48-h and performed a 6-h sleep deprivation during the second day. In aged HCD fed mice (18 months old) compared to young, an aging effect was still evident, characterized by decreased waking and increased NREM sleep in the dark period, decreased REM sleep during the light period, as well as increased slow-wave-activity (SWA, EEG power in NREM sleep in 0.5-4.0 Hz). Additionally, aged HCD treated mice showed increased NREM sleep and decreased waking, compared to age-matched controls, denoting an enhanced aging phenotype in the sleep architecture. Notably, an overall increase was found in the slow component of SWA (0.5-2.5 Hz) in aged HCD fed mice compared to agematched controls. Our data suggest that the effect of aging is the dominant variable irrespective of diet. However, a synergistic effect of aging and diet is noted indicating that chronic HCD consumption exacerbates age-associated sleep alterations.
Introduction
Obesity is nowadays a common characteristic seen across all ages. It raises the risk of several diseases that could lead to premature mortality. For example, the risk of dying from heart disease is increased irrespective of aging, and obesity is thought to underlie age-associated insulin resistance [1, 2] .
Obesity and sleep are likely interrelated and may share common pathways [3] [4] [5] [6] [7] . Sleep in people with obesity might appear disturbed and problems falling asleep or waking up often exist. An age-specific prevalence for daytime sleepiness, a frequently reported feature of people with obesity, has been observed [8] . In particular, a linear decline of daytime sleepiness was found in ages from 30 to 75 years old, whereas a higher prevalence of sleepiness was found in people with obesity in ages outside of this limit (< 30 and > 75 y. o.). In addition to human studies, laboratory animals have been used to study sleep in obesity. Young mice chronically fed with high-caloric diet (HCD), in order to develop obesity, showed sleep architecture alterations [6, [9] [10] [11] [12] , slower build-up of sleep pressure and an altered sleep homeostasis [12] . Although the HCD effect on sleep characteristics has received some attention in childhood, adolescent and young adult life, it has not been extensively explored in the course of aging.
Sleep is regulated by two main processes, a circadian process governed by the internal biological clock, and a sleep homeostatic process which is dependent on prior waking and sleep [13, 14] . In mammals, the homeostatic sleep process is thought to be reflected in the NREM sleep electroencephalographic (EEG) slow-wave activity (SWA, EEG power density between 0.75-4.0 Hz) [13, 14] .
Aging leads to a redistribution of body fat, with a stabilization or enhancement of visceral fat and fat deposition into tissues such as liver, muscle, and bone [15] , similar to the changes seen during HCD consumption [16] . In healthy aged mice, sleep patterns are characterized by increased non-rapid-eye-movement (NREM) sleep as well as increased SWA levels [17] [18] [19] [20] [21] [22] [23] . The effect of HCD as the exclusive diet in aged mice on sleep and the sleep EEG has not been examined, and could give important insights in the effect of diet on sleep in later life.
Therefore, in this study, we investigated the effect of chronic (12 weeks) HCD consumption on sleep architecture and the sleep EEG in young (6 months old) and aged (18 months and 24 months old) C57BL/ 6 J mice during 24-h baseline (BL) recordings, as well as after 6-h of sleep deprivation (SD). We found that the effect of aging on sleep parameters is pronounced irrespective of diet, rendering aging the dominant variable over HCD regarding sleep alterations. Nevertheless, diet and aging likely act synergistically leading to the notion that chronically consumed HCD accentuates age-induced sleep changes.
Materials and methods

Animals
All animal experiments were approved by the Animal Experiments Ethical Committee of the Leiden University Medical Centre (the Netherlands) and were carried out in accordance with the EU Directive 2010/63/EU on the protection of animals used for scientific purposes.
Male C57BL/6 JOlaHsd mice of three age groups (6-, 18-and 24-month-old, n = 48) (Harlan, Horst, the Netherlands) were used for this study. All mice were fed with normal chow (11% fat, 27% protein, 61% carbohydrate, Special Diet Services, UK) before entering the study. Three months before the surgeries (at the age of 3, 15, 21 months for the 6-, 18-and 24-month-old group respectively), mice were partitioned into two groups, the control, in which mice were kept on normal chow diet, and the HCD fed group, in which mice were fed exclusively with high-caloric food, in a pellet form very similar to control chow (45% fat mainly derived from lard, 35% carbohydrate, 20% protein; D12451, Research Diet Services, The Netherlands) for 12 weeks. The mice were individually housed under controlled conditions (12:12 h light:dark cycle; lights on at 10:00) with food and water ad libitum in a temperature controlled room (21-22°C).
Originally, the 24-month-old HCD treated group was larger (n = 9), however, approximately half of the mice in this age group did not cope well with the HCD that was introduced in their life when they were 21 months old and had severe side effects that led to their premature sacrifice (5 out of 9 mice). Since this did not occur at the age-matched control mice (or any other group used for this study), we attribute the health problems of the aged mice to the altered diet. The remaining 24 months old mice (n = 4) did not gain the same amount of weight as the 18 and 6 months old mice that received the same treatment, albeit the amount of food consumed did not seem to differ. Nevertheless, although not delving deeply into the data for this group, we are reporting mainly in the supplementary material and briefly commenting on the obtained results throughout the current study, for research purposes.
Surgeries
On the day of the surgery, 6-month-old HCD fed animals (n = 9) weighed on average 47.6 g ( ± 0.8), whereas, their age-matched control animals (n = 11) weighed 30.7 g ( ± 0.8), 18-month-old HCD fed animals (n = 7) weighed on average 45.43 g ( ± 1.9), whereas their agematched controls (n = 8) weighed 33.5 g ( ± 0.7), and 24-month-old HCD fed animals (n = 4) weighed on average 35 g ( ± 2.1), whereas their age-matched controls (n = 9) weighed 32.7 g ( ± 1). Under deep anesthesia (Ketamine 100 mg/kg; Xylazine 10 mg/kg; Atropine 1 mg/ kg), EEG recording screws (placed above the somatosensory cortex and cerebellum) and electromyogram (EMG) electrodes (placed on the neck muscle) (Plastics One) were implanted as described previously [12, 18, 24] . The wire branches of all electrodes were set in a plastic pedestal (Plastics One, Roanoke, VA) and fixed to the skull with dental cement. The mice were allowed to recover for 7-10 days.
Vigilance state and EEG recordings
The EEG and EMG were recorded with a portable recording system (PS 1 system, Institute of Pharmacology and Toxicology, Zurich, Switzerland) as previously described [12, 18, 24] . Before each recording, a calibration signal was recorded on the EEG and EMG channels. Both signals were amplified, conditioned by analogue filters and sampled at 512 Hz. The signals were filtered through a digital finite impulse response filter and stored with a resolution of 128 Hz. EEG power spectra were computed for 4-s epochs by a FFT routine within the frequency range of 0.25-25.0 Hz.
To record the EEG and EMG, animals were placed into experimental chambers and connected through a flexible cable and a counterbalanced swivel system to the recording setup. Conditions in the experimental chamber were similar to the home cage, including food and water availability. Before starting the experiment, the animals were allowed to adjust to the experimental conditions for a week. Subsequently, a BL day was recorded, starting at lights on. At the start of the second day, six hours of sleep-deprivation (SD) were conducted. Similar to earlier studies [12, 18, 24, 25] , during SD in the experimental chambers, animals were kept awake by gentle handling in which introduction of new food pellets or nesting material and moderate noise were involved. EEG and EMG were recorded continuously for 48-h, during BL (24-h), SD (6-h), as well as for 18-h of recovery period.
Data analysis and statistics
Three vigilance states (Waking, NREM sleep and REM sleep) were scored offline in 4 s epochs by visual inspection of the EEG and EMG signals as well as EEG power density in the slow-wave range, as described previously [12, 18, [24] [25] [26] . For each epoch, the EEG power density in the delta (0.75-4.0 Hz) and theta band (6.25-9.0 Hz) and the integrated EMG value were graphically displayed on a PC monitor to enable scoring of the different vigilance states. The vigilance states were expressed as a percentage of artifact-free recording time. Epochs with artifacts were excluded from the subsequent data analysis of the power spectra, but vigilance states could always be determined. Number of episodes was computed in each vigilance state that were partitioned into ten exponentially increased duration bins from 4 s to > 1024s similar to [26] [27] [28] . 12-h light and dark (L1, D1, L2, D2 for light and dark periods of the first and second day respectively) mean values of vigilance states were analyzed by two-tailed unpaired t-tests for each period to determine the effect of treatment. Note that, to test the effect of the experimental day, L2 corresponds to the 6-h after SD and is compared to the corresponding 6-h of the BL. Three-way ANOVA was performed to investigate potential alterations on vigilance states, vigilance state episode frequency in duration bins, and 2-h time bins of EEG power density in NREM sleep with main factors 'treatment', 'age', 'day' 'Light-Dark', 'time of day', 'duration bin', 'EEG frequency bin' and '2-h intervals'. Two-way ANOVA was performed regarding the EEG power density of the vigilance states with main factors 'age' and 'EEG frequency bin'. Regarding the Slow/Fast/Overall SWA levels one-way ANOVA was performed with main factor 'treatment'. When appropriate, paired and unpaired post-hoc Bonferroni-corrected student's ttests were applied to determine the effects of treatment, age and SD. The 6-month-old group including both high-caloric-diet fed and control mice belongs to a data set published earlier in Panagiotou et al. [12] . However new analysis on this data set is added here according to the aforementioned tests, that includes the comparisons to the aged groups, the more detailed analysis of the absolute spectra and slow-wave activity as well as the number of vigilance state episodes.
Results
Sleep architecture
HCD and sleep in young and aged mice
Sleep architecture was differentially affected by chronic HCD in young mice (Figs. 1 and 2 left panels) that was elaborately investigated and described previously [12] . HCD mainly induced an increase in REM sleep during the light period without affecting the amount of waking or NREM sleep. By computing the number of episodes, this REM sleep difference in the 6 months old HCD fed mice was found to be mainly caused by an increase in the short and middle duration REM sleep episodes (8-32 s) compared to controls (post-hoc two-tailed unpaired ttests, Supplementary Material Table S1 ) (Supplementary material, Fig.  S1 ).
18 months old HCD fed mice showed increased NREM sleep during the 24-h BL and decreased waking and no difference in REM sleep compared to their age-matched control mice ( The effects of SD were evident in the 18 months old control mice and 24 months control and HCD fed mice (post-hoc two-tailed paired ttests between BL and after SD time, Supplementary Material Table S1) ( Fig. 1 and Supplementary material, Fig. S2A ). Particularly, following SD in the 18 months old control mice, an increase in NREM sleep and decrease in waking was found during the remaining 6-h of the light period, compared to the corresponding 6-h of the BL light period.
Additionally, an increase in NREM sleep and decrease in waking was found in both the light and dark period following SD in the 24 months old HCD fed mice and 24 months old controls.
The effect of chronic HCD consumption on sleep architecture is also evident in the time course of 2-h values over the day (Fig. 2) , where more NREM sleep and less waking is shown in the 18 months old HCD fed mice, effects not evident in the 24 months old age group (Supplementary material, Fig. S2B ) (post-hoc two-tailed unpaired t-tests, Supplementary Material Table S1 ). As a function of age, effects of SD were more subtle on vigilance states, with 24 months old mice (both control and HCD fed) no longer showing any alterations (p > 0.05).
In addition, by computing the number of episodes, it was found that 18 months HCD fed mice had more very short waking episodes (4 s) in both BL light and dark periods, and more very short NREM sleep episodes (4 s) and less middle (16 s) REM sleep episodes in the BL light period as compared to age-matched controls (post-hoc two-tailed unpaired t-tests, Supplementary Material Table S1 ) (Supplementary material, Fig. S3 ). 24 months old HCD fed mice showed more subtle differences compared to age-matched controls having less short (8 s) waking episodes and less middle-to-long (128 s) NREM sleep episodes in BL light period (post-hoc two-tailed unpaired t-tests, Supplementary Material Table S1 ) (Supplementary material, Fig. S4 ). Fig. 1 . Light-dark distribution of each vigilance state (Waking, NREM and REM sleep) during the baseline day (BL: L1, D1) and after sleep deprivation (after SD: L2, D2). Bar plots represent mean ( ± SEM) values (L1, D1, D2 correspond to 12-h values and L2 to 6-h values for the recovery period after SD, for light and dark periods during the 48-h recordings respectively) and 24-h values of baseline recordings (24-h BL) for Waking, NREM and REM sleep for control (n = 11, n = 9 for young and 18 months old mice, black bars) and highcaloric diet fed mice (HCD, n = 9 and n = 7 for young and 18 months old mice, gray bars). Note that for comparisons between BL and recovery day 6-h of L2 were compared with the corresponding 6-h of the baseline light period. Asterisks indicate significant differences between corresponding age groups (unpaired ttests for each period, p < 0.05) and black and gray circles indicate significant differences between recovery and BL day for control and HCD fed mice respectively (post-hoc paired ttests with Bonferroni multiple comparisons correction, p < 0.05 after significant ANOVA, main effects 'treatment', 'Light-Dark', 'day').
Aging and sleep in HCD fed mice
In healthy aged mice, compared to the young mice, more NREM sleep, stemming from more longer-duration episodes, and less waking during the dark period as well as less REM sleep at the end of the light period has been shown earlier [17] [18] [19] [20] [21] [22] [23] . In the current study, we detected alterations in the sleep architecture of HCD fed mice of the three different age groups, which were mainly found between the young and the aged groups. These consisted of decreased waking during BL dark period, increased NREM sleep in both 12-h BL light and dark periods as well as after SD, and decreased REM sleep in the both light periods, whereas similar data were obtained in the two aged groups for all vigilance states with no significant differences (post-hoc two-tailed unpaired t-tests, Supplementary Material Table S1 ) (Fig. 3A and Supplementary material, Fig. S5A ).
Regarding the number of episodes, we found significant differences between young and both aged groups of mice that were chronically fed with HCD (post-hoc two-tailed unpaired t-tests, Supplementary Material Table S1) ( Fig. 3B and Supplementary material, Fig. S5B ). During the BL light period, 18 months old HCD fed mice had more brief awakenings (1-4 s) and both aged groups had less of the longest category waking episodes (> 1024s) compared to young HCD fed mice. Additionally, during the 12-h light period less middle-to-long (64 s) and more long (256 s) NREM sleep episodes, as well as less middle-to-long (128 s) REM sleep episodes were found in the 18 months old HCD fed mice compared to the young animals. During the BL dark period, aged HCD fed mice had more short, middle and long waking and NREM sleep episodes, albeit less very long waking episodes compared to the young HCD fed mice. The number of episodes in waking, NREM and REM sleep did not differ in both 18 months and 24 months old HCD treated when compared to age-matched control mice.
EEG power density (0.5-25 Hz)
To study the effect of chronic HCD consumption on the EEG in the course of aging, we calculated the spectral distribution of absolute EEG power density in the frequencies between 0.5 and 25 Hz (post-hoc twotailed unpaired t-tests, Supplementary Material Table S1) (Fig. 4 and  Supplementary material, Fig. S5C ). Both groups of aged HCD fed mice had higher EEG power density in the slow frequencies (between 0.5-4 Hz in the 18 and 2-7 Hz in the 24 months old mice) during waking, as compared to young HCD fed mice. The NREM sleep EEG spectra in aged HCD fed animals were characterized by a pronounced increase in power density in the slow frequencies (0.5-3 Hz in the 18 and 1-7 Hz in the 24 months old mice) compared to the young HCD fed mice. REM sleep EEG spectra showed higher EEG power density in the 18 months old HCD fed mice in the faster theta frequencies (between 7-8 Hz) and in the 24 months old higher around 2.5 Hz and in the theta frequencies (between 6-9 Hz) compared to young HCD fed mice. Additionally, higher EEG power density in NREM sleep around 3 and 6-7 Hz as well as in REM sleep around 6-8 Hz was noted in the 24 Fig. 2 . Time course of vigilance states (Waking, NREM sleep and REM sleep), for 24-h baseline (BL), 6-h sleep deprivation (SD, hatched bar) and 18-h recovery for young and 18 months old control and high-caloric diet (HCD) treated mice (left and right panels respectively). Curves connect 2-h mean ( ± SEM) values. The black and white bars above each graph indicate the light-dark cycle. Black asterisks at the top of each graph represent significant differences between the groups across the 48-h period and black and gray bars at the bottom of each graph significant differences between recovery and BL day for each group (post-hoc unpaired and paired t-tests with Bonferroni multiple comparisons correction, p < 0.05 after significant ANOVAs, main effects 'treatment', 'time of day', 'day').
months old compared to 18 months old HCD fed mice. In contrast, EEG power density in young HCD mice tended to be lower in the frequencies below 5 Hz, compared to control. Similar EEG power density spectra were obtained in 18 months and 24 months old HCD fed mice as compared to age-matched controls during waking, NREM and REM sleep. Both aged HCD fed groups showed no significant differences across the vigilance states in the power spectra compared to age-matched controls, albeit a subtle decrease in the REM sleep spectrum in the Fig. 3 . Light-dark distribution of each vigilance state (Waking, NREM and REM sleep) during the baseline day (BL: L1, D1) and after sleep deprivation (after SD: L2, D2) and histogram of vigilance state episodes frequency. A. Bar plots represent mean ( ± SEM) values (L1, D1, D2 correspond to 12-h values and L2 to 6-h values for the recovery period after SD, for light and dark periods during the 48-h recordings respectively) and 24-h values of baseline recordings (24-h BL) for Waking, NREM and REM sleep for young and 18 months old high-caloric-diet (HCD) fed mice (n = 9 and n = 7, black and gray bars respectively). Note that for comparisons between BL and recovery day 6-h of L2 were compared with the corresponding 6-h of the baseline light period. B. Episodes were partitioned in ten exponentially increased duration bins (upper bin limit from 4 to > 1024s) in baseline light and dark periods. Asterisks indicate significant differences from the young HCD fed mice (post-hoc unpaired t-tests with Bonferroni multiple comparisons correction, p < 0.05 after significant ANOVA, main effects 'age', 'Light-Dark', 'day'). . Black asterisks indicate significant differences between 18 months old and young HCD fed mice (post-hoc unpaired t-tests with Bonferroni multiple comparisons correction, p < 0.05 after significant ANOVA, main effects 'age', 'EEG frequency bin').
18 months old HCD fed mice compared to control around 6 Hz and 22 Hz (post-hoc two-tailed unpaired t-tests, Supplementary Material Table S1 ) (Supplementary material, Fig. S6 ).
As a follow up, we computed the EEG power density in NREM sleep in the frequencies between 0.5 and 25 Hz in 2-h time bins across BL light and dark periods and detected an altered time course in EEG activity between groups, particularly in the slow frequencies (0.5-5 Hz) during the light period (post-hoc two-tailed unpaired t-tests, Supplementary Material Table S1 ) (Supplementary material, Fig. S7 ).
Slow-wave activity in NREM sleep (SWA)
The spectral data suggested that HCD specifically affects EEG SWA during NREM sleep. To investigate this further, we computed the absolute NREM SWA levels in all groups in 2-h intervals across the 48-h of recordings ( Fig. 5 and Supplementary material, Fig. S2C ) (Supplementary Material Table S1 ). We found that the effect of HCD differs across aging, where 18 months old HCD fed mice showed no alterations, 24 months old HCD fed mice showed an increase and young HCD mice an overall decrease in SWA levels compared to their age-matched controls (One-way ANOVA, factor 'treatment', p < 0.0001; post-hoc Bonferroni t-tests: p < 0.05). Interestingly, the three HCD fed groups significantly differed from each other (post-hoc Bonferroni tests: p < 0.0001) showing an increase in SWA as a function of age.
Additionally, taking into account the results from figure S7 , where significant differences in the slow frequency range, as well as an altered behavior between slow (0.5-2.5 Hz) and fast (2.5-4 Hz) slow-waves [29] were detected, we computed the time course of slow and fast SWA for all groups (Fig. 5 ). An overall significant treatment effect was noted in the slow and fast SWA range (One-way ANOVA, factor 'treatment', Slow SWA: p < 0.0001, Fast SWA: p < 0.0001). Post-hoc multiple comparisons across treatment groups revealed that the 18 months old HCD fed mice had increased slow SWA levels, whereas 24 months old HCD fed mice showed an increase in both the slow and fast SWA, and therefore an overall increase, compared to age-matched controls. In contrast, the decrease in overall SWA seen in young HCD mice emerged from a decrease of the slow SWA, whereas no change was found in the fast SWA. Therefore, slow and fast slow-waves are differentially affected by age and diet. Bars at the bottom of each graph indicate significant differences between recovery and BL day for each age group (post-hoc paired t-tests with Bonferroni multiple comparisons correction p < 0.05, after significant ANOVAs, main effects 'day' and 'time of day'). Overall decreased EEG SWA levels were revealed in the young HCD fed mice (0.5-4 Hz and 0.5-2.5 Hz) and overall increased levels in 18 months (0.5-2.5 Hz) and 24 months old HCD fed mice (0.5-4 Hz, 0.5-2.5 Hz and 2.5-4 Hz) compared to control mice (one-way ANOVA, factor 'treatment'; p < 0.05).
Discussion
In this study, the effect of chronic HCD consumption was investigated in the course of aging. Both aged HCD fed groups demonstrated similar sleep architectural patterns that significantly differed from the young HCD fed mice, consisting of increased NREM sleep, decreased waking and decreased REM sleep, as well as absence of very long waking episodes. Additionally, higher EEG power density during BL recordings was obtained in the slow frequencies of all vigilance states in both aged HCD fed mice compared to young HCD fed mice. Compared to age-matched controls, 18 months old HCD fed mice showed increased NREM sleep and decreased waking in both light and dark periods, whereas 24 months old HCD fed mice showed no alterations. Notably, the slow and fast SWA component was differently affected in the course of aging in HCD fed mice. Decreased levels of the slow SWA were found in the young HCD fed mice, whereas increased levels were found in the 18 months old HCD fed mice, while for the 24 months old a general increase in both slow and fast SWA was found. Our data show that aging is the dominant variable inducing alterations in the sleep architecture and the sleep EEG. However, the combined effect of aging plus diet seems to provoke detrimental effects leading to exacerbated aging patterns in sleep and the sleep EEG.
Sleep architecture
Recent research showed that chronic HCD consumption in young mice leads to altered sleep homeostasis with a slower build-up rate of sleep pressure, increased REM sleep during the light period, an increase in consecutive NREM-REM sleep cycles and changes in waking, NREM, and REM sleep episode number and duration throughout the 24-h [6, [9] [10] [11] [12] . During natural aging, mice demonstrate increased NREM sleep during the dark period emerging from an increase in long NREM sleep and short waking episodes, and decreased REM sleep during the light period [17] [18] [19] [20] [21] [22] [23] . In accordance, aged mice show augmented SWA levels [17, 18] . Similar effects were noted in both aged HCD groups in the current study compared to the young HCD fed group, where aging characteristics were evident in the sleep architecture, including increased NREM sleep, decreased waking and decreased REM sleep, as it is shown earlier [17] [18] [19] [20] [21] [22] [23] . However, compared to age-matched controls, 18 months old HCD fed mice demonstrated an accentuated aging phenotype in sleep architecture, characterized by a further increase in NREM sleep and decrease in waking.
Total fat mass is known to peak at middle age in both humans and rodents [15] . In addition, older people have elevated levels of abdominal adipose tissue compared to young individuals [15, 30, 31] , which has been characterized as a risk factor for several diseases. Adipose tissue from agouti mice, which are genetically obese, showed features of premature aging, higher levels of reactive-oxygen-species (ROS) and DNA damage [32] . In our study, the notion is developed that obesity and aging may act synergistically, affecting sleep architecture. This may occur through the increasing total fat mass levels as well as adipose tissue likely induced by both obesity and aging in the 18 months old mice, which coincide to 50-60 y.o. in humans, intensifying this way the already age-induced sleep architectural characteristics.
Insufficient orexin signaling has been implicated in several medical conditions including obesity [3] , and neurodegenerative diseases [33, 34] . Being characterized as a regulator of vigilance states, energy homeostasis, as well as the reward system and feeding [35, 36] , orexin may be implicated in the regulation of sleep in young HCD fed mice, as increased levels of REM sleep and an increased number of NREM-REM sleep cycles were found [12] , similar to what occurs in narcolepsy [37] . In the course of aging, a decline in the orexin system has been demonstrated in many species, including mice [38, 39] , rendering orexin an important factor underlying age-related metabolic and sleep/wake cycle alterations. We suggest that chronic HCD may influence the orexin system, however, this effect is expressed differently in the sleep of young and aged mice, since aging can act as a synergistic factor to obesity.
Furthermore, adenosine kinase has been found to be increased in the cerebral cortex of old animals [40] . Under a high-fat diet, it has also been shown that levels of adenosine monophosphate-activated protein kinase (mAMPK) decline [41] . In addition, blocking adenosine kinase is likely to prolong sleep and further increase SWA in the EEG [42] . Although the specific mechanisms are not known, it seems that the adenosinergic system could play a role in the way HCD affects sleep architecture and general sleep function in the course of aging.
EEG power density and slow-wave activity
When compared to the young HCD fed mice, aged HCD fed mice demonstrate alterations in the waking, NREM and REM sleep spectra, in accordance with the aging sleep and EEG phenotype. In particular an increase in EEG SWA in NREM sleep was observed in the course of aging. These changes are consistent with a previous study, suggesting that sleep pressure is increased in aged compared to young mice [18] . The question remains whether HCD in aging adds further effects.
We therefore computed the changes in the EEG power density spectra between 0.25-25.0 Hz in 2-h time bins (Supplementary material, Fig. S7 ), and found the most pronounced differences between the groups between 0.5-5 Hz. In addition, during NREM sleep we observed differences in the time course of the slow (0.5-2.5 Hz) and fast (2.5-4.0 Hz) frequency bands within the slow-wave range. It is known that SWA can be partitioned in two different bands according to a different origin of the waves, first the slow component, with frequencies around 0.5-2.5 Hz which correspond to cortico-cortical connections, and second the faster frequencies within 2.5-4 Hz which correspond to thalamo-cortical connections [29] . Therefore, we investigated the time course of the overall SWA (0.5-4 Hz), as well as of the slow and fast frequency ranges for each group (Fig. 5) . The data show increased SWA levels in aged mice irrespective of diet, confirming earlier findings from our group [18] . This shows that aging is the prevailing parameter influencing SWA. Interestingly, it seems that HCD acts synergistically with aging differently affecting the slow and fast component of SWA. In the case of the 18 months old mice, the slow component of SWA showed an overall increase under influence of HCD, whereas the fast component remained unaltered, leading to no significant change in the overall SWA levels. In contrast, 24 months old HCD fed mice showed an increase in both the slow and fast component which resulted in an overall increase in SWA. The increase in the slow component of SWA in 18 months old HCD fed mice and the increase in both the slow and fast components in the 24 months old HCD fed mice indicating an amplification of the aging phenotype by HCD. In addition, it is important to note that young and aged mice respond differently to chronically consumed HCD as reflected in the SWA levels. We show that the slow component increased in both aged groups fed HCD, whereas young HCD fed mice had lower SWA levels, particularly in the slow SWA range.
Brain aging is still unavoidable, however, a line can be drawn between successful brain aging which is important for increased longevity and health, and pathological brain aging, which can accelerate health deterioration. Recently, it was shown that, during healthy aging, in mice slow-wave characteristics alter, probably reflecting brain connectivity changes [18] . It has also been proposed that during normal brain aging imbalances of neurotransmitters and increases in inflammatory signaling and oxidative stress may occur [15] . High-fat diet has been demonstrated to promote insulin resistance and metabolic dysfunction in both humans and rodents, however the impact on brain function remains poorly understood [6, [43] [44] [45] [46] . It has been proposed that HCD could impede neuronal plasticity and modulate astrocytic and microglial signaling [47] [48] [49] . Additionally, it has been hypothesized that the slow SWA component, emerging from the cortico-cortical connections in the brain, involves glial activities [50, 51] . Theories have been developed linking astrocytes, metabolism and sleep via mechanisms such as the neuronal-glial 'lactate shuttle', according to which synaptic glutamate release triggers lactate production and release in astrocytes, evident in brain lactate levels, that increase during wakefulness and decrease during NREM sleep in parallel with NREM SWA [48, [52] [53] [54] [55] . In the current study, we show that particularly the slow component of SWA was altered under influence of HCD in aged mice, intensifying the aging effects. Therefore, the data suggest that HCD may impact cortical brain connectivity through a glial pathway. In contrast, the thalamocortical pathway underlying the fast SWA component is clearly influenced by aging, however, it is differently affected by HCD across the age groups. The thalamus and its associated network may play a different role in the interaction between HCD and aging. Compared to young controls, hypocretin receptor 2 levels were found to be declined in the thalamus of 24 months old mice but not in 18 months old [38] . We therefore suggest that alterations in fast SWA are the result of an interacting influence of HCD and aging on thalamo-cortical activity.
The changes caused by HCD in mice resemble metabolic disturbances observed in humans, however, HCD consumption can also promote novel metabolic perturbations, as well as accelerate individual aspects of age-related metabolic disturbances [15, 56] . In our results, it seems that altered brain connectivity, apparent in the EEG SWA, is likely synergistically impacted by age and diet.
Furthermore, chronic HCD consumption may play an important role in regulating age-related increases in oxidative stress. It was demonstrated that lipoprotein metabolism and oxidant/antioxidant status were altered in obesity, irrespective of age. Nevertheless, obesity-related lipid and lipoprotein alterations were attenuated, whereas, oxidative stress was worsened in older adults [57] . In aged HCD-induced obese mice, HCD exacerbated age-related oxidative stress in the brain via increased NADPH oxidase (NOX), rendering NOX activity a player in the ability of HCD to detrimentally affect brain homeostasis in aged individuals, likely associated with feed-forward cascades of oxidative stress and brain inflammation [58] . In the current study, we find that chronic HCD consumption amplifies aging effects on the slow component of NREM sleep SWA levels of aged mice. Recent studies implicate aberrant or excessive activation of microglia in the pathogenesis of brain aging, which could also account for the augmented levels found when aging is combined with HCD. Further research is undoubtedly needed regarding the relation of glial activation and associated pathways with chronic obesity and brain wave alterations in order to verify our aforementioned hypotheses.
A limitation of the present study is the unsuccessful chronic HCD treatment of the 24 month old group. Approximately 50% of the mice long-term fed with HCD were euthanized because of serious health problems (5 out of 9). C57BL/6 mice are known to express a multifactorial age-related susceptibility to plasma lipid levels, after dietary intake of high fat, rendering this strain susceptible to lipid-related vascular complications such as atherosclerosis [59, 60] . Additionally, an age-dependent change in hepatic lipid and antioxidant metabolism inducing increased susceptibility to lipid peroxidation has been noted [61, 62] . Therefore, chronic HCD, starting above 18 months of age, is likely to lead to severe health problems as seen in the present study. Therefore, the results and conclusions from the 24 months old group should be treated with caution as the number of animals included is too low for a proper statistical analysis.
Concluding remarks
It has already been established that the deterioration of structure and function of organs in aging is associated with oxidative stress, genetic instability and disruption of homeostatic pathways [63] . Obesity has been associated with a wide range of chronic diseases that could potentially lead to premature mortality. There are similarities in metabolic dysregulation in aging and obesity, and, thus, it is likely that these conditions share similar pathways. In addition, the brain comprises one of the most crucial sites at the intersection of age and metabolic dysfunction, since cognitive dysfunction and increased risk of dementia constitute debilitating deficits. In our study, we show that, HCD influences sleep differently in the course of aging. Although aging is the prevailing parameter, sleep architecture and the sleep EEG are also affected when HCD is introduced, indicating that the combination of chronic HCD and increased age impacts sleep and brain health. Notably, the slow SWA levels were altered in all age groups under HCD indicating general brain connectivity changes due to this diet, albeit in opposite directions in young and aged mice. Taking the opposite direction effect into account, as well as the attenuated effect of prolonged waking on subsequent EEG SWA in NREM sleep in the young HCD fed mice compared to controls [12] , we can conclude that: short-term benefits emerge by consuming HCD at a young age, lowering the burden of the sleep debt incurred, however with increasing age this effect is diminished and faster brain aging is induced instead.
